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iPreface
In the past years there has been considerable enthusiasm for the idea that nature might be
supersymmetric. The reasons are manyfold. Some people were motivated by the idea to unify
bosons and fermions, others were attracted by the fact that local supersymmetry involves
gravity. One of the most appealing features of supersymmetry (SUSY) is, however, that it
provides a solution to the hierarchy problem by protecting the electroweak scale from large
radiative corrections | provided that SUSY particles exist at or below the TeV scale.
The experimental search for supersymmetric particles, which is one of the primary tasks at
present and future colliders, relies on detailed phenomenological studies. In this thesis, I study
the phenomenology of stops and sbottoms (the superpartners of the top and bottom quarks)
in the framework of the minimal supersymmetric extension of the Standard Model (MSSM).
This thesis is organized as follows:
The rst chapter serves as an introduction to the MSSM. I briey review the model and explain
why stops and sbottoms provide an interesting playground for exploring and testing this model.
In the second chapter I discuss stop and sbottom production at lepton colliders. I give the









(general) beam polarization. A numerical analysis shows the cross sections that can be expected




Linear Collider, and a Muon Collider. In particular, I address the topics of
what can be gained by using polarized beams and how one can determine the MSSM parameters
by cross section measurements.
The third chapter is devoted to stop and sbottom decays including 1{loop SUSY{QCD cor-
rections. The calculations are done in the on{shell renormalization scheme using dimensional
reduction. I present the analytical formulae for the O(
s
) corrected decay widths and explain
the subtleties that have to be taken into account in the calculations. Moreover, I perform a
detailed numerical analysis of squark decay widths and branching ratios at tree level and O(
s
).
It turns out that stops and sbottoms can have very complex decay patterns. SUSY{QCD cor-
rections can change the individual decay widths and branching ratios by a few ten percent.
Hence they are important for precision measurements.
This work grew from a series of workshops on physics at present and future colliders. Its
aim is to give a comprehensive overview of the phenomenology of stops and sbottoms and to
serve as a basis for Monte Carlo studies.
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1.1 Denition of the Model
The simplest |and most popular| supersymmetric model is the straightforward supersym-
metrization of the Standard Model (SM), where one introduces only those couplings and elds
that are necessary for consistency. This is known as the Minimal Supersymmetric Standard
Model (MSSM) [1, 2, 3]. The MSSM is build up as follows:
 In addition to the gauge boson elds, spin{
1
2












. In analogy to the photon, the Z and
the W













elds. The superpartners of the gluons are the gluinos ~g.
 Quarks and leptons get spin{0 partners called squarks and sleptons. As there has
to be a superpartner for each degree of freedom, two bosonic elds are needed per SM













 Moreover, one needs two complex Higgs doubletts with hypercharges 1 in order
to give masses to up{ and down{type quarks and leptons, and to cancel anomalies. The
Higgs elds are also assigned spin{
1
2
partners, the so{called higgsinos.
The eld content of the MSSM is shown in Table 1.1. Supersymmetry (SUSY)
1
in its local
version includes gravity; the resulting theory is know as supergravity. The model then also





For an introduction to supersymmetric eld theory in general and the MSSM in particular see also [4, 5];
for a textbook on supersymmetry I refer the reader to [6].
1
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Table 1.1: Field content of the MSSM.
Let us now turn to the Lagrangian of the MSSM. Clearly, gauge interactions are determined







For a concise derivation of these interactions, see e.g. [2, 4, 5, 6]. Masses and couplings of the
matter elds are determined by the superpotentialW. The choice of the gauge group constrains
W but does not x it completely. Holding to the priciple of minimality, that means introducing








































































a totally anti{symmetric tensor used to contract over the SU(2)
L
weak isospin indices


























account for the mixing between the quark current eigenstates as
described by the CKM matrix [7]. Notice that the same superpotential is obtained by requiring
that baryon and lepton numbers be conserved (which is automatically fulllled in the SM but
not in the MSSM).
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are scalar and  
i
fermion elds; W only depends on the scalar elds. The rst term
in (1.3) describes masses and Yukawa interactions of fermions, while the second term describes
scalar mass terms and scalar interactions.
The interactions obtained in this way respect a symmetry called R{parity under which the
\ordinary" elds (matter fermions, Higgs and gauge bosons) are even while their superpartners
(sfermions, higgsinos and gauginos) are odd. As a consequence, all interactions involve an even
number of SUSY particles (\sparticles"). This means that sparticles can only be produced in
pairs, and any sparticle decay must lead to an odd number of sparticles. Hence in the MSSM
the lightest supersymmetric particle (LSP) is stable. This leads to another important feature
of the MSSM: Since the LSPs cannot decay some of them must have survived from the Big
Bang era. Searches for so{called \exotic isotopes" have led to very stringent bounds which
exclude any strongly or electromagnetically interacting stable particles with masses below a
few TeV. The LSP of the MSSM must therefore be electrically and colour neutral [8]. In turn,
a neutral stable LSP is a good candidate for dark matter. For collider experiments this means
that any decay chain of a sparticle will end in an arbitrary number of SM particles plus at
least one LSP which escapes the detector, carring away some energy and momentum. In the
context of the MSSM the typical SUSY signature is thus distinguished by missing (transverse)
energy/momentum. Depending on dierent variants of the model, the LSP can be the lightest
neutralino or the gravitino; the sneutrino has already been ruled out [9].
We want to stress that R{parity is a symmetry that is somehow built in by hand due to our






















Here also generation indices have been suppressed. Within the MSSM breaking R{parity there-
fore means breaking baryon and/or lepton number. This leads to a signicantly dierent phe-
nomenology compared to the R{parity conserving case. In particular, single sparticle produc-
tion is possible, and the LSP is no longer stable. However, there are very stringent constraints






. If e.g., both baryon and lepton number were broken, this
would lead to rapid proton decay. Together with other constraints [10] and the wish to embed
the MSSM in a Grand Unied Theory this requires that the couplings in (1.4) be at least very
small, if not zero. However, in the way the MSSM is understood in this thesis, R{parity is
conserved. (For the phenomenology of R{parity violating models see e.g. [10].)










































































=2 (a = 1; : : : 8) with 
a
the Gell-Mann{Low matrices. 
i





) is the hypercharge.
The Lagrangian as given in (1.3) conserves supersymmetry. However, in a realistic model
SUSY must be broken Otherwise the masses of ordinary particles and their superpartners
would be equal, which is not the case as we know from experiment. As the genuine mechanism
of (dynamical) SUSY breaking is not yet understood, we parametrize it by inserting SUSY
breaking terms by hand into the Lagrangian. The terms that break SUSY softly, i.e. do not
induce quadratic divergencies, are [11]










, where a is the group index;














































































































































































































general 33 matrices. Allowing all the parameters in (1.8) to be complex, we end up with
124 masses, phases and mixing angles as free parameters of the model. Notice that L
soft
also
respects R{parity. Indeed, a R{parity violating term in Eq. (1.8) would lead to an unstable
vacuum unless the same term also appears in the superpotential Eq. (1.1).
2




are allowed, where 
i
is a gauge singlet eld.
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1.2 Renormalization Group Equations
The physical quantities at the electroweak scale are related to their values at some high energy
scale by renormalization group (RG) equations. We will not perform a RG analysis here but
just add some quantitative arguments:





GeV [12]. The MSSM is thus compatible with a Grand Unied Theory (GUT).
As in GUT models the gauginos all live in the same representation of the unied gauge group,
gaugino masses are also unied at scales Q M
X
. The 1{loop RG equations [13] for the gauge

































= 33=5; 1;  3 for a = 1; 2; 3, respectively
3



















at any RG scale, up to small 2{loop eects.
We next consider the evolution of scalar masses. For simplicitly we here assume that the



























= diag(0; 0; A
t
), etc.. The 1{loop RG equations for the masses of squarks and























with the sum running over the gauge groups. The C
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grows when being evolved down to the low scale. Moreover, owing to SU(3)
contributions, squark masses grow faster than slepton masses.
The mass{squared parameters of the third generation squarks and sleptons as well as of the




in the MSSM are dierent from those in the SM, where b
a
= f41=10;  19=6;  7g, due
to the richer particle spectrum in the loops.











































































































































































































































































































are always positive, so they decrease the scalar masses as one runs downwards
to the low scale. Therefore, the soft breaking parameters of the third generation are in general
smaller than those of the rst and second generation [unless one starts with very dierent values
at the high scale].








are still a special case. Compared to those for the soft
















to become negative near
the electroweak scale [14]. Since this leads to a breakdown of the electroweak symmetry solely
by quantum corrections this is called radiative electroweak symmetry breaking [15]. Here we
















The gaugino masses do not only enter Eqs. (1.11) to (1.18) but also the RG equations for the
A parameters. Non{zero gaugino masses at M
X
are therefore sucient to create all the other
soft SUSY breaking terms. On the other hand, if the gaugino masses vanished at M
X
they
would only be generated through 2{loop and higher order eects and hence be very small.
Another (technical) remark seems appropriate at this point: For computing radiative correc-
tions in supersymmetry, it is important to choose regularization and renormalization schemes
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that preserve supersymmetry (and gauge symmetry, of course). Dimensional regularization
(DREG), for instance, explicitly violates SUSY because the continuation of the number of
spacetime dimensions to D = 4   introduces a mismatch between the number of gauge boson
and gaugino degrees of freedom. A solution is to perform the momentum integrals in D = 4  
dimensions while taking the vector index  of the gauge boson elds over all four dimensions
[16, 17, 18]. This is known as dimensional reduction (DRED) and nicely respects both gauge
symmetry and SUSY, at least up to 2{loop order. We will come back to this when discussing
supersymmetric QCD corrections in Chapter 3.
1.3 Models of SUSY Breaking
Above we have introduced explicit SUSY breaking terms because we are ignorant of the funda-
mental machanism that breaks supersymmerty. If SUSY is broken spontaneously there exists
a Goldstone fermion called the goldstino. In global supersymmetry the goldstino is massless.
In local supersymmetry (supergravity) the goldstino is \eaten" by the gravitino (~g
3=2
) which in
this way acquires a mass m
3=2
[19]. This is called the super{Higgs mechanism and is completely
analogous to the ordinary Higgs mechanism in gauge theories.
Present models of spontaneously{broken low{energy supersymmetry assume that SUSY is bro-
ken in a \hidden" or \secluded" sector which is completely neutral with respect to the SM
gauge group. The information of SUSY breaking is then mediated to the \visible" sector,
which contains the MSSM, by some mechanism. There are no renormalizable tree{level in-
teractions between the hidden and visible sectors. Two scenarios have been studied in detail:
gravity{mediated and gauge{mediated SUSY breaking.
In gravity{mediated SUSY breaking, SUSY breaking is transmitted to the MSSM via grav-
itational interactions [20]. The breakdown of the symmetry occurs at O(10
10
) GeV or higher,
and the gravitino gets a mass of the order of the electroweak scale. The simplest realization
of such a framework is the minimal supergravity model (mSUGRA) [1, 21]. In this approach,
one assumes a universal gaugino mass M
1=2
, a universal scalar mass M
0





. In addition, one just needs to specify tan  and the sign of 
0
. RGEs are
then used to derive the MSSM parameters at the electroweak scale. Since mSUGRA involves
only ve parameters (in addition to the 18 SM parameters) it is highly predictive and thus
used for most experimental searches. However, one should keep in mind that it also highly
restrictive.
Gauge{mediated SUSY breaking (GMSB) [22] models involve a \secluded" sector where
SUSY is broken and a \messenger" sector consisting of particles with SU(3)SU(2)U(1)
quantum numbers. The messengers directly couple to the particles of the secluded sector.
This generates a SUSY breaking spectrum in the messenger sector. Finally, SUSY breaking is
mediated to the MSSM via virtual exchange of the messengers. A basic feature of such models
is that SUSY is broken at much lower scales than in the gravity{mediated case, typically at





) GeV. Moreover, the gravitino gets a mass in the eV to keV range, and is therefore
the LSP. This can be crucial for SUSY signatures at collider experiments because the next{




{NLSP that decays outside the detector leads to the usual SUSY signature of






inside the detector SUSY events would in addition contain photons. The NLSP may, however,
also be a charged particle e.g., ~

R
. This would lead either to a long{lived charged particle or
to SUSY signatures characterized by {leptons.
Since gauge interactions are avour{blind one has universal boundary conditions in GMSB as
in mSUGRA. The low{energy spectrum is determined by the mass of the messengers. Minimal
GMSB is thus even more restrictive than mSUGRA. In the most general case, however, both
supergravity and gauge{mediated eects may contribute to the breaking of supersymmetry.
A more detailed discussion of SUSY breaking is beyond the scope of this thesis. For a
thorough introduction to supergravity, see e.g. [6]; for the phenomenology of mSUGRA, see
e.g. [23, 24]. A review of gauge{mediated SUSY breaking is given in [25].
1.4 Electroweak Symmetry Breaking




































































Here the terms proportional to jj
2
come from F{terms, the quartic interactions come from








and B come from soft SUSY breaking, see
Eq. (1.8).
Fist, we use SU(2)
L









= 0 requires hH
+
2
i = 0 as well. This is good because
we are now sure that electric charge is conserved in the Higgs sector. We shall thus ignore the
charged components in (1.22) when minimizing the potential
4
.
Next, we choose B, the only term in (1.22) that depends on complex phases, to be real and











i are also real. This means that CP is not spontaneously broken by the Higgs scalar
potential. The Higgs mass eigenstates are thus also eigenstates of CP.

















To be completely honest, this is a simplifying view: charge might still be broken in the absolute minimum
of the full scalar potential due to some non{zero sfermion VEVs.
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However, this is not enough; V
Higgs













)  2B: (1.24)






| implying that in
the MSSM electroweak symmetry breaking is not possible without rst breaking SUSY!







































)  (174 GeV)
2
; (1.25)
so that only the ratio of the two remains a free parameter. Dening
































The two complex scalar Higgs doublets consist of eight degrees of freedom, three of which are
eaten by the longitudinal modes of the Z and W bosons. The remaining ve physical degrees of


















































































with the Higgs mixing angle . [<(H) denotes the real and =(H) the imaginary part of H.]
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We can therefore take m
A
and tan  as the free parameters of the MSSM Higgs sector. From








) j cos 2j (1.35)
at tree level. However, the Higgs masses and mixing angle are subject to large radiative




) system and Ref. [27]
for the mass of H
 5
. Assuming that the masses of the sparticles in the loops do not exceed


















nearly degenerate and decouple from the low{energy regime. In this case h
0
is very dicult
to distinguish from a Standard Model Higgs boson. Figure 1.1 shows the MSSM Higgs boson
masses as a function of m
A




= 400 GeV, M
~
U
= 350 GeV, M
~
D




=  300 GeV, and  = 400 GeV.








































Figure 1.1: MSSMHiggs boson masses as a function ofm
A







= 350 GeV, M
~
D




=  300 GeV, and  = 400 GeV).
Up{type quarks get masses proportional to v
2
= v sin; the masses of down{type quarks
and electron{type leptons are proportional to v
1
= v cos . At tree level the quark and lepton





























This is why we neglected the Yukawa couplings of the rst and second generation, but not
those of t, b, and  . Obviously, h
t
is signicant due to the large top quark mass. Moreover,
5
Notice that [26, 27] have the opposite sign convention for the parameter .











tan  : m

tan  from (1.37), so also the bottom and tau Yukawa couplings
are important if tan  is large. In fact, certain models predict the unication of top and bottom




. One can, moreover, require



























. Also the Dirac masses of quarks and leptons can be
understood as such mixing terms. In the MSSM, this mixing also eects squarks, sleptons,
Higgs bosons, as well as gauginos and higgsinos. The lone exception is the gluino, being the
only colour octet fermion in the model.
Indeed, masses and mixings of sparticles are of crucial importance both theoretically and ex-
perimentally: i) they determine the properties of the sparticles searched for and ii) they are
directly related to the question of how SUSY is broken. (Notice that the main questionmarks
in the MSSM come from L
soft
while the couplings and all but one mass term in L
SUSY
are linked
to well known parameters of the SM!)
1.5.1 Squarks
In the most general case, the squark mass eigenstates are obtained by diagonalizing two 66
squark mass{squared matrices | one for up{type and one for down{type squarks. However,
mixing between squarks of dierent generations can cause severe problems due to too large loop
contributions to avour changing neutral current (FCNC) processes [28].
Ignoring intergenerational mixing for the moment, the two general 66 squark mass{squared































































































   fcot ; tang (1.41)
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are the electric charge and the third
component of the weak isospin of the squark ~q, and m
q










are soft SUSY breaking masses, and A
q
are trilinear couplings as in (1.8). Family
indices have been neglected.
The o{diagonal elements of M
2
~q
are proportional to the mass of the corresponding quark. In




are therefore to a good approximation also









that the masses of up, down, charm, and strange squarks are highly degenerated and mixing




























This also justies the above assumption that intergenerational mixing can be neglected.
However, this does not hold for the third generation: Stops are expected to be highly mixed
due to the large top quark mass, and for sbottoms mixing eects can be important if tan  is





According to Eq. (1.38)M
2
~q
is diagonalized by a unitary matrixR
~q
. Assuming that CP violating
phases only occur in the CKM matrix, we choose R
~q













































































By convention, we choose ~q
1










For the mixing angle 
~q
we require 0  
~q















































































Inverting Eqs. (1.38) { (1.44) one can calculate the underlying soft{breaking parameters from
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Notice that the parameterM
~
Q
enters both the stop and the sbottom mass matrices. Therefore,










































































sixth can be predicted.







) of the 3rd generation are most likely dierent from those of the other generations. Left{







Notice that both eects are induced by large Yukawa couplings. The mixing angles (and Yukawa
couplings) also enter the stop and sbottom couplings to other particles. Moreover, stops |and
for large tan  also sbottoms| give important contributions to radiative corrections in the
Higgs sector (think e.g. of radiative symmetry breaking!).
There are some experimental constraints on the mass splitting in the stop and sbottom sec-
tors from BR(b ! s) and . However, these constraints are much weaker than the above









All together, we now understand that the phenomenology of stops and sbottoms can be very
dierent from that of the other squarks.
1.5.2 Sleptons













































































   tan : (1.55)
















. For selectrons and smuons,




) are also the mass eigenstates. For staus, however,
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the mixing angle. All formulae given for squark mixing are also applicable in this case.
Let us now turn to the sneutrinos. In the case of massless neutrinos, there is only one
sneutrino, ~
L















for each generation. If, however, neutrinos have a mass (as suggested by the Superkamiokande
experiment [30]) there exists also ~
R







































, the Majorana mass of N , is very large. In fact, it can be as large as the GUT scale.
Therefore, we may expect that ~
R
is also very heavy and does not contribute to low{energy
phenomenology.
1.5.3 Charginos








(i = 1; 2) which are four{component Dirac fermions. In order to deduce the properties of























































; respectively. The mass terms of the lagrangian of the charged gaugino{higgsino system







































Here and in the following M M
2
.
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; i; j = 1; 2; (1.64)





























to be the lighter chargino per denition. Moreover, assuming CP conservation,

































j the chargino mass. According to


























The larger mass eigenvalue is always positive, 
2









of the diagonalizing matrices can also be directly expressed by the



































































































CHAPTER 1. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL 16
and the sign factors 
i

















; 1g : : : tan  > 1
f"
B
; 1; 1; "
A





= sign(M sin  +  cos); "
B
= sign(M cos  +  sin): (1.74)
In what follows we will always use the convention (1.63) [31]. However, one can also choose
U and V such that M
C
has only non{negative entries [2]. This is for example achieved by


























































































+ 2M  sin 2)

: (1.78)
This can be a practical approach when treating the problem numerically (the analytic ex-
pressions for U and V become rather complicated) and is especially useful in case of complex




are always in the correct
sector of the unitcircle e.g., 2 [0; ).
1.5.4 Neutralinos




i = 1 : : : 4. In general, both weak and mass eigenstates are Majorana fermions; however, if two
neutralinos are degenerated in mass they can combine to a Dirac spinor.
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, respectively. The mass terms of the neutral gaugino{higgsino system can





























































































(we will stick to this
notation in the following).




















; i; j = 1 : : : 4; (1.84)













; i = 1 : : : 4: (1.85)
As in the charged gaugino{higgsino sector one can choose N such that M
N
has no negative



















However, assuming CP conservation, we nd it convenient to allow for negative mass eigenval-
ues. We can then choose a phase convention in which N is real and orthogonal:
M
N
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with "
i




























In the case M  jj, the two lightest neutralinos are dominated by their gaugino compo-















is mostly a charged
~
W{ino. For the


















are mostly higgsinos with masses close to jj. Finally, for M  jj the gaugino and
higgsino states are strongly mixed.
1.6 Interaction Lagrangian
In this section we list the relevant parts of the Lagrangian and the Feynman rules for squark














formule also apply for the 1st and 2nd generation, provided one inserts the (super)CKM{Matrix





corresponding expressions for (s)lepton interactions can be derived by the obvious replacements













































































































































































1.6.2 Squark { Squark { Gauge Boson
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The individual contributions are:







































































































































































































































































































































.  is the mixing angle
in the CP even neutral Higgs boson sector. h
q





























































































































































































































































































































can be obtained from G
~q
1
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U and V are the 22 unitary matrices diagonalizing the charged gaugino{higgsino mass matrix





























































































































































































































































































N is the 44 unitary matrix diagonalizing the neutral gaugino{higgsino mass matrix, see
Sect. 1.5.4.

















































































1.6.7 Interactions with Gluinos




































































































: This is due to the facts that
~q
R
are colour anti{triplets and the anti{colour generator is  T
ay
.
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Owing to the Majorana nature of the gluino one must multiply by 2 to obtain the Feynman


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































+ : : : (1.138)






























































terms because the anti{colour generator is  T
ay

































































































































































no sum over .
Chapter 2
Squark Production at Lepton Colliders









colliders) will explore the TeV mass range testing the concept of low energy supersym-
metry. While hadron colliders are well designed for broad searches, it is commonly expected
that for a precise determination of the underlying SUSY parameters a lepton collider will be
necessary.









squark production at hadron colliders, see e.g. [23, 24, 34].














proceeds via  and Z exchange, see Fig. 2.1 a. For unpolarized








































































































































  1 and a
e







Z coupling as dened in (1.95). The rst term of Eq. (2.1) comes
from pure  exchange, the second from pure Z exchange, and the third one is due to the {Z




[i 6= j in (2.1)] proceeds only via
33
CHAPTER 2. SQUARK PRODUCTION AT LEPTON COLLIDERS 34
Z exchange. The angular distribution shows the typical sin
2















The {Z interference leads to a characteristic dependence of the cross section on the squark





























































production the cross section is maximal for cos 
~q


















2) and vanishes in case of no mixing. Notice, however, that the sign of cos 
~q






In case of a polarized e
 




































































is the degree of polarization, P
 
2 [ 1; 1]. P
 
=  0:8, for instance, means that 80%









the cross sections for pure left{polarized (P
 


































































































































































In the notation of [39] this corresponds to  =  0:9.
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) and initial state radiation (ISR). Both have turned out to be signicant.
As for the SUSY{QCD corrections, they can be split into the standard QCD, i.e. gluonic,
correction 
g
, the correction due to gluino exchange 
~g













The corresponding Feynman diagrams are shown in Fig. 2.1 b{j.
The gluon contribution 
g
















For the explicit form of 
ij





in [36, 37]. The inclusion of the gluino and squark exchanges in the on{shell renormalization
scheme requires, however, a proper renormalization of the squark mixing angle. This problem
has been solved in Ref. [37] which is thus the rst complete treatement of supersymmetric
QCD corrections to this process. We will discuss the subtleties of SUSY{QCD corrections in
more detail in Chapter 3. Here we just note that within the scheme of [37] the counterterm
for the squark mixing angle 
~q
is chosen such that it cancels the o{diagonal contribution of
the squark wave{function corrections (i 6= k in Fig. 2.1 h, j). The squark contribution to the
correction vanishes, 
~q
= 0. The remaining correction due to gluino exchange is of the order









200 GeV (LEP2). However, 
~g
becomes important at
higher energies as they are proposed for a Linear Collider: For large
p
s it can be up to  50%
of the gluon correction. Moreover, 
~g
does not scale with 
tree
and thus gives an additional
dependence on the squark mixing angle. See [37, 42] for more details and a numerical analysis.
The initial electron and positron may loose energy through photon emission. This is known




annihilation thus takes place at the reduced



































is the cross section without ISR correction and  = 2= (log s=m
2
e
  1). For the
numerical evaluation of the ISR correction use the Monte Carlo routine PHOISR [44].





ISR photons can in principle be dectected, beamstrahlung leads to an uncertainity in
p
s. We
thus leave this eect to Monte Carlo studies.



















































: (a) tree level, (b{f) gluon
corrections, (g, h) gluino corrections, and (i, j) squark corrections. Lines that are not lettered
in (b{j) are the same as in (a).
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2.1.1 LEP2
In 1995, after seven years of high precision measurements at the Z pole, the LEP accelerator
was upgraded to its second stage LEP2 [45]. One of the main motivations was the search for a
light Higgs boson and for SUSY particles. In particular, LEP2 covers an energy range that is
hard to explore at LHC.
The LEP2 runs of 1995 to 1998 are listed in Table 2.1 [46]. The limits for SUSY searches


































































































Nov. 95 & Oct. 97 130 GeV 6 pb
 1
136 GeV 6 pb
 1
July{Aug. 96 161 GeV 10 pb
 1
Oct.{Nov. 96 172 GeV 10 pb
 1
Aug.{Nov. 97 183 GeV 55 pb
 1
May{Oct. 98 189 GeV 160 pb
 1
Table 2.1: LEP2 runs in 1995 { 1998
In 1999 and 2000 LEP2 will be operated at
p
















production cross sections at this energy for m
~q
1















) has its minimum at j cos 
~
t
































= 500 GeV in both plots.
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the signature is two acoplanar b jets accompanied by two charged leptons +
large missing energy (E/), or single lepton + jets + E/, or jets + E/. Here the b tagging technique
can be used to extract the signal. However, in this case the ~
+
1
will most likely be discovered





























, proceeding via a virtual chargino, is negligible

















































~, proceeding via a virtual ~
+
1




[35, 51, 52, 53]. In this case the signature is 2b + 2` + E/ (or b + `
+
+ jet + E/ or
jets+ E/).


















, the second decay being possible in












. For the b ~
0
1























tagging will help to enhance the signal.










qq) bound state before decaying

















~ since these decays
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, and the squark mixing angles [38], see also Chapter 3.
2.1.2 Linear Colliders with
p





Linear Collider will in many aspects be complementary to the CERN LHC. Its






 a very clean environment,
 exible centre{of{mass energies, and
 high polarization of the e
 
and possibly also of the e
+
beams.




Linear Collider for many dierent purposes. For instance, one
can optimize
p
s for specic production processes. Moreover, one can use beam polarization to
enhance signals and to suppress backgrounds. One can also make complementarymeasurements




. This may be of great advantage for testing the
TeV range in a conclusive form.
There are various Linear Collider projects under study in Europe, Japan, and the USA [58]. A
majer breakthrough was achieved recently when it was realized that an integrated luminosity








s = 800 GeV can be reached with
the TESLA design [59] (assuming a Snowmass year of 10
7
s for running).




Linear Collider for unpolarized beams, polarized e
 









annihilation with unpolarized beams and polarized e
 
beams
see also [39, 60].
The
p

















180 GeV, cos 
~
t
= 0:7 and unpolarized beams. The eects of SUSY{QCD corrections from
gluon and gluino exchange and of initial state radiation are demonstrated in Fig. 2.3 b. Note
that at high energies the gluino exchange contribution has the opposite sign of the gluon
exchange contribution, and the absolute values are increasing with
p
s. The eect due to initial
state radiation turns out to be of the order of 10%. The sum of all corrections can well exceed
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s = 500 GeV and unpolarized beams. Analogously, Fig. 2.4 b shows contour lines



















plane. For the calculation of the












































production cross sections at
p
s = 2 TeV are shown in








= 300 GeV and m
~g
= 700 GeV for the radiative corrections.
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s = 500 GeV
and unpolarized beams.







































































































s = 2 TeV and
unpolarized beams.
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= 600 GeV and
p














s = 1 TeV is











) = (300; 320) GeV and (400; 450) GeV. In both plots
m
~g
= 600 GeV. As one can see, the cross sections are large enough to be detected in a large
region of the accessable parameter space. Here notice that replacing the stops by sbottoms
or vice versa in Fig. 2.6 one gets essentially the same pictures. The only dierences are due
to SUSY{QCD corrections. Whether or not one can distinguish the two mass eigenstates of
course depends on their decay properties.






































































= 600 GeV, and m
~g













s = 1 TeV as











) = (300; 320) GeV and (400; 450) GeV. Both plots are for
unpolarized beams.































= 300 GeV). For both left{ and right{
polarized e
 
beams the cross sections depend strongly on the mixing angle. It is important to
note that this dependence is opposite for left and right polarization. Therefore, experiments
with polarized e
 








from cross section measurements. This issue will be discussed in detail in the








production with polarized e
 
beams as shown in

































= 700 GeV. Again, the cos 
~q
dependence is much
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Figure 2.7: cos 
~
t



























































































Figure 2.8: cos 
~q
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If both beams are polarized these eects are even enhanced. This is shown in Fig. 2.9 where






























) = ( 0:9; 0:9) and (0:9; 0:9); the dashed lines are for 90% polarized e
 















) = ( 0:9; 0) and (0:9; 0). For the SUSY{










= 600 GeV. Analogously, Fig. 2.10 shows




















= 600 GeV, 90% polarized e
 
beams, and 90% and 60% polarized as well as unpolarized
e
+























































































































































Figure 2.9: cos 
~
t


































= 180 GeV, and 90% polarized e
 
beams. The solid (dashed) lines are
for jP
+




). The dotted lines are for P
+
= 0.
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Figure 2.10: cos 
~
b






















= 260 GeV, and m
~g
= 600 GeV. The solid line is for unpolarized beams, the
dashed lines are for jP
 
j = 0:9 and P
+





















































































































degree of polarization for
p
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2.1.3 Determination of Soft{Breaking Parameters | A Case Study
In this section we estimate the experimental accuracies that can be obtained for stop and































= 180 GeV and cos 
~
t
= 0:57 as reference
point, and
p
s = 400 GeV and
p












cross section has its minimum. Motivated by the Monte Carlo study of









cross sections can be measured with accuracies of 5% at
p
s = 400 GeV and 2:5% and at
p
s = 500 GeV. This leads to:

U
= 26:2 1:3 fb at
p
s = 400 GeV; (2.11)

U
= 59:1 1:5 fb at
p
s = 500 GeV: (2.12)




= 285GeV and m
~g
= 500GeV. Figure 2.12 a







plane. As can be




can be determined with good precision with this method. However, the
precision on the mixing angle is rather poor.
The polarization of the e
 
beam oers the possibility of measuring the sfermion mixing












for 90% left{ and right{
polarized e
 













= 61:2 1:5 fb; (2.13)

+0:9
= 57:1 1:4 fb; (2.14)
where we have assumed that an accuracy of 2:5% can be achieved. Figure 2.12 b shows
























= 0:57  0:012: (2.16)
We next treat the sbottom system in an analogous way. If tan is not too large we can

























= 220 GeV, and cos 
~
b













with 90% left{polarized e
 
beams can be determined with an experimental












with 90% right{polarized e
 
beams we take 8% as the






























) = 8:6 0:7 fb: (2.18)
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, (a) for unpolarized beams at
p
s = 400 and 500 GeV and (b) for
90% left{ and right{polarized beams at
p









Here we have assumed that sbottom and stop production can be distinguished. This is possible
in the parameter region where the sbottoms mainly decay into b~
0
1
. However, in the parameter
region where the decay into b~
0
2
is possible, signatures similar to those of stop production could










= 220  1:93 GeV: (2.20)















we can use Eq. (1.51) and obtain the mass










= 285:3  3:3 GeV: (2.21)















production at higher energies would be an independent
test of the MSSM.
Assuming that also  is known from an other experiment we are now able to calculate the













for the squarks of the
third family, see Eqs. (1.46) to (1.50). Taking e.g.,  = 300 GeV (and tan  = 3) we obtain the
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following values (A
b















= 218:8  1:9 GeV; (2.24)
A
t










are obtained with good accuracy, the error on A
t
is quite large. This,
however, depends on our specic choice of cos 
~
t
, tan , and . For cos 
~
t
=  0:57 (tan  = 3




= 180  1:63 GeV, A
t
= 231:2  8:1 GeV, and the
other parameters as above.
An alternative way to determine the squark masses and mixing angles is the kinematical









As a last remark we note that the high precision that can be expected at a Linear Collider
indicates that radiative corrections should be taken into account in the Monte Carlo studies.
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2.2 Cross Sections for Muon Colliders
The idea of a muon collider has already been brought up in the 1960's and 70's by Tinlot,
Skrinsky, Neufer, et al.. However, major technical challenges have to be met in order to collect,
accelerate, and collide muons and antimuons, which decay with a lifetime of 2:2s. Not until
1995, at the Sausalito workshop, was it realized that with modern ideas and technologies a muon
collider may be feasable. The next step further was the Muon Collider Feasibility Study for the
Snowmass 1996 workshop [65]. At present, the Muon Collider Collaboration [66] carries out the
R&D for a muon collider in the US. In Europe, a muon collider is discussed within the ECFA
Prospective Study on Muon Colliders [67], see also [69]. Specic studies are done for O(100)
GeV, 0:3  0:5 TeV, and multi{TeV machines with luminosities of 10
31







The advantages of a muon collider are the following:
 The eective energy of a lepton collider is much larger than that of a hadron collider with
the same center{of{mass energy.
 In contrast to electrons, muons generate almost negligible synchotron radiation
3
.
 The cross section for direct (s{channel) Higgs production in lepton{antilepton annihi-
lation is proportional to m
2
`









 Because of the lack of bremsstrahlung (and synchotron radiation) energy spreads as small
as 0.003% are expected. By measuring g-2 of the muon it should be possible to determine
the absolute energy to an even higher accuracy.




or hadron colliders of compa-
rable eective energies. With its expected excellent energy and mass resolution a muon collider
oers extremely precise measurements. Moreover, it allows for resonant Higgs production; in





hardly be done at any other collider.
The technical challenges still to be met include (i) a liquid metal target for pion production, (ii)
a new cooling technique (ionization cooling?) for the muons, and (iii) the problem of neutrino
radiation [70]. For a more detailed introduction, see e.g. [71, 72]. Information about ongoing
work can be found in [66, 67].




annihilation proceeds via the exchange of a photon, a Z

























possibility to study the squark{squark{Higgs couplings at the Higgs boson resonances.
3










130 GeV squark production at the h
0
resonance is already excluded.






























































, (a) i = j, (b) i 6= j.
























































































denotes the contributions from Higgs boson exchange, T
a
VH































































































































































































































=  1 the vector and axial vector couplings of the muon to the
Z boson; c
ij
























































































production. Notice moreover that




) interference in (2.26) is proportional to cos #, giving rise to a forward{
backward asymmetry. Being proportional to m

this asymmetry is, however, numerically very
small, typically of the order of 10
 4
or less.



































exchange. While the pure gauge boson contribution
shows a sin
2
# angular dependence, the pure Higgs boson contribution does not depend on the
scattering angle. This can be used to disentangle these two contributions.
However, since the muons originate from pion decays, they are naturally polarized. The
dierential cross section for a 
 





















































































































































































































































) as it should be in case of unpolarized
beams.


















































































































































































= ( 1; 0; 1) for (left{polarized, unpolarized, right{polarized) 

beams. The total cross





































































































































































production. This interference term






















































combinations only couple to gauge bosons. Therefore, for Higgs{ and related physics




of same helizities. It is expected that a polarization
of 28% for both beams | and maybe more with loss of luminosity | can be achieved (see
e.g. [68]).
In Fig. 2.14 we show the
p













180 GeV, cos 
~
t
=  0:55, and m
A













collider (full lines), the dashed




. For calculating the properties of the Higgs bosons we























= 150 GeV, A

= 300 GeV, M = 140 GeV,  = 300 GeV, and tan  = 3. With this set of
parameters we get m
H
0
= 454 GeV, sin =  0:35, ,
H
0
= 5:4 GeV, and ,
A
0
= 7:3 GeV. As can





. The total cross section at the resonance varies only
little with the polarization. However, the relative importance of the Higgs exchange strongly
increases with increasing polarization.
Analogously, Fig. 2.15 shows
p

























parameters of Fig. 2.14. In this case also A
0

















unpolarized beams, there is a dierence between these cross sections for P 6= 0. This dierence





























































. With the excellent energy resolution of a muon collider it may thus
be possible to determine the properties of heavy neutral SUSY Higgs bosons. In general, it is


















































= 300 GeV, M = 140 GeV,  = 300 GeV, tan = 3, and m
A










= 454 GeV. The dashed lines
show the Higgs boson contributions, the dotted lines the (; Z) contributions, and the full lines






boson contributions induce a distinct dependence also on the sign of the stop mixing angle.
























































) as a function of cos 
~
t
for the parameters of Fig. 2.17. Here note, that the






























cos ). Since  is constant in Fig. 2.18, A
t




An example for sbottom production is shown in Fig. 2.19 where we plot the
p
s dependence
































production for 30% left{polarized 

beams.


























= 160 GeV, M
~
E
= 155 GeV, A

= 100 GeV, M = 140
GeV,  = 300 GeV, m
A




sin =  0:28, ,
H
0
= 1 GeV, and ,
A
0







production (Fig. 2.19 b)




resonances! However, for the parameters of Fig. 2.19








because their decay properties are very similar. We
















for the parameters of Fig. 2.19. In addition to P =  0:3 (full line) we also show the case

















production cross sections for P =  0:6 and the other parameters
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) is less pronounced.





































P = 0 P =  0:3 P =  0:6












for unpolarized, 30% and 60% left{polarized 





























= 170 GeV, M
~
E
= 150 GeV, A

= 300 GeV, M = 140
GeV,  = 300 GeV, tan  = 3, and m
A























































































































for unpolarized, 30% and 60%































= 150 GeV, A

= 300 GeV,
M = 140 GeV,  = 300 GeV, tan  = 3, and m
A
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= 170 GeV, M
~
E
= 150 GeV, A

= 300 GeV, M = 140 GeV,
 = 300 GeV, tan  = 3, and m
A
= 450 GeV.




























































































= 300 GeV, M = 140 GeV,  = 300 GeV, tan  = 3, and m
A
= 450 GeV; (a)
p
s = 450 GeV, (b)
p
s = 454 GeV. The dashed lines show the Higgs boson contributions, the
dotted lines are the (; Z) contributions, and the full lines are the total cross sections.
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for 30% polarized beams as a




























= 150 GeV, A






s = 450 GeV and in (b)
p












































































































































= 155 GeV, A

= 100 GeV, M = 140 GeV,  = 300 GeV, m
A
= 380 GeV, and
tan  = 4.
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= 160 GeV, M
~
E
= 155 GeV, A

= 100
GeV, M = 140 GeV,  = 300 GeV, m
A
= 380 GeV, and tan  = 4.
Chapter 3
SUSY{QCD Corrections to Squark
Decays
3.1 Introduction
We now turn to the stop and sbottom 2{body decays. As the squarks of the 1st and 2nd
generation, stops and sbottoms can decay into quarks plus charginos, neutralinos, or gluinos.
In addition to these \coventional" decays into fermions, stops and sbottoms may decay into
bosons, i.e. into a lighter squark plus a gauge or Higgs boson. These decays are possible in



















have a strong inuence on the branching ratios of the various decays modes. Thus, stops and
sbottoms can have quite complex decay patterns.





















































































All these decays were rst discussed at tree level in [74]. They were studied in more detail








the decays into fermions of
Eqs. (3.1) and (3.2) are in general the most important ones
1
. If the strong decays into gluinos





















have been studied in [35, 51, 52, 53].
58
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the bosonic decays of Eqs. (3.3) and (3.4) can be dominant in a wide range of the parameter
























b mass splitting is large enough [76].
The 1{loop SUSY{QCD corrections to the decays of Eqs. (3.1) to (3.4) have all been calcu-
lated within the last two years (1996{98). For the decays into charginos and neutralinos this
was done in [77, 78, 79], for the decays into W

and Z bosons in [80], for the decays into Higgs
bosons in [81, 82], and for the decays into gluinos in [83, 79]. (Here note that the decays into
photon or gluon, which are absent at tree level, are not induced by these corrections either.)
In this chapter we study the O(
s
) SUSY{QCD corrections to the decays of Eqs. (3.1), (3.3),
and (3.4). In Sect. 3.2 we rst discuss some general aspects of these calculations. Notations
and conventions are claried in Sect. 3.2.3; the formulae for the self{energies of squarks and
squarks are given in Sect. 3.3. In Sect. 3.4 we discuss the subtleties that have to be taken into
account for calculating the O(
s
) SUSY{QCD corrections in the on{shell scheme. The specic
squark decays are then treated in Sects. 3.5 to 3.7. For each process, we give the complete
formulae for the O(
s
) SUSY{QCD corrected decay widths and perform a detailed numerical
analysis. Finally, the SUSY{QCD corrected branching ratios are discussed in Sect. 3.8.
3.2 General Aspects of SUSY{QCD Corrections
For the corrections at O(
s
) we have to consider 1{loop diagrams with gluons, gluinos, and
squarks in the loops. The integration momenta in the loops run from zero to innity, and some
of the diagrams diverge. We therefore have to apply appropriate renormalization procedures
to cosistently isolate and remove the innities from the measurable quantities. The general
approach is as follows:
3.2.1 Renormalization
We start with the bare Lagrangian, which consists of bare parameters (bare masses and cou-
plings) and bare elds, and write it in terms of the renormalized quantities. The bare mass
m
0
and bare coupling c
0
, for instance, are replaced by the renormalized mass m and coupling
c plus the associated counterterms:
m
0
= m+ m; c
0
= c+ c: (3.5)











is in general a matrix which mixes elds with the same quantum numbers into each
other). With these replacements we can seperate the bare Lagrangian into the renormalized
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one and a part which contains the counterterms:
L
0
= L + L: (3.7)
Here we note that L and L have the same structure. L gives rise to new (eective) vertices
in each order of pertubation theory. Finally we apply appropriate renormalization conditions
which determine the counterterms and the physical meaning of the renormalized parameters.
For our calculations we use the on{shell renomalization scheme. Within this scheme the
renormalized mass is dened as the pole mass, i.e. the experimentally measured mass
2
. The
on{shell renormalization conditions are: (i) the renormalized mass is the real part of the pole
of the propagator and (ii) the real part of the residue of the pole is unity.
Technically speaking, at rst order we have to add 1{loop vertex and wave{function corrections
to the tree{level diagram as well as the counterterms for the couplings. For the latter we have
to renormalize all parameters that enter the couplings. The resulting 1{loop corrected decay
width is then utraviolet (UV) nite. In order to cancel also the infrared (IR) divergence we
add the emisson of real (hard and soft) gluons.
The O(
s















is the decay width at tree level and ,
(v;w;c)
are the virtual corrections. The superscript
v denotes vertex corrections, w wave function corrections, and c the shift from bare to on{shell
couplings. ,
real
is the correction due to real gluon emission.
3.2.2 Regularization: DREG vs. DRED
The divergencies which arise in calculating the loop integrals must be regulated. In the SM the
standard technique is dimensioal regularization (DREG) which respects the gauge symmetry
of the Lagrangian (and thus also preserves the Ward identities). In this scheme, spacetime is
continued to D = 4   dimensions. For D < 4 the divergencies then appear as simple poles in
. However, in DREG also the dimensionality of the elds is continued to D dimensions. As a
consequence, the index of a gauge eld V







This causes problems in supersymmetry: SUSY requires that the numbers of bosonic and
fermionic degrees of freedom be equal in each supermultiplet. Continuing a four{dimensional
multiplet to D = 4   dimensions spoils this equality, introducing a mismatch of gauge boson
and gaugino degrees of freedom. It also spoils the SUSY{Ward identities.
2
This has to be distinguished from the minimal substraction method where the counterterms are `purely
innte', i.e. they solely contain the divergent parts. In contrast to the on{shell scheme these counterterms are
scale dependent.
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A solution known as dimensional reduction (DRED) was proposed by Siegel, Capper, Jones,
and van Nieuwenhuizen [16, 17]. In DRED spacetime is continued to D = 4    dimensions
while the elds are not aected. Thus the index of the gauge elds runs from 0 to 3, and
the Dirac algebra is performed in four dimensions. This method nicely preserves both, gauge
symmetry and SUSY | at least up to 2{loop order [18].
3.2.3 Notations, Conventions, etc.
In this thesis we work in the on{shell renormalization scheme using dimensional reduction. For
the explicit calculation of the loop integrals we use Passarino{Veltman functions [85] in the
notation and convention of A. Denner [86].
The conceptual and calculational details of renormalization in supersymmetry have been thor-
oughly discussed in Refs. [87, 42]. We therefore here just present the nal results of our
calculations. Analytical expressions of Passarino{Veltman integrals, generic diagrams, as well
as details on how to calculate individual graphs, are given in [42].
For the numerical analysis we use on{shell squark masses m
~q
1;2





< ) as input parameters. Moreover, we take m
t
= 175 GeV, m
b








































decay except for (i) the renormalization ofM
~
Q














































> 85 GeV, m
h
0




> 95 GeV, and m
~g





b) < 0:0012 [89] from electroweak precision measurements using the one{loop formulae







































































[91] from tree{level vacuum stability.
3.3 Self Energies to O(
s
)
3.3.1 Squark Self Energy
The squark self energy to O(
s
) gets contributions from gluon, gluino, and squark loops. The
relevant Feynman digrams are shown in Fig. 3.1.
3
Notice that [26, 27] have the opposite sign convention for the parameter .

























Figure 3.1: Squark self{energy diagrams to O(
s
).
































































































































































































































































































































; i 6= i
0
(3.15)

















































































































































= 0. On the other hand,





gets no contribution from
























































3.3.2 Quark Self Energy
The self energy of a quark gets contributions from the gluon and gluino loops shown in Fig. 3.2.











, the shift from the bare to the pole mass of the quark q, thus has two contributions: The





























































































































































































































































































































). The relation between the bare
quark eld q
0



















) q ; (3.25)
q
0

















The parameter r in (3.20) and (3.22) exhibits the dependence on the regularization scheme:
r = 0 in DRED while r = 1 in DREG (remember that only DRED preserves SUSY!). Here we
note that in our calculations r does not cancel in the final results. Therefore, there are also
numerical dierences between the two regularization schemes.
3.4 Subtleties
All in all we have to consider O(10) loop diagrams per process. This may not sound much;
however, there are some subtleties which have to be taken into account:
3.4.1 Renormalization of the Squark Mixing Angle
The stop and sbottom couplings depend on the respective mixing angles which therefore must
be renormalized. The rst proper renormalization prescription for the squark mixing angle
was given in [37]. There the counterterm 
~q










it cancels the o{diagonal part of the squark wave{function corrections (diagrams h and j of






















































































are the squark wave{funktion renormalization constants, see Eq. (3.15). Using



















































































































































This scheme was also applied for SUSY{QCD corrections to squark decays in [77, 80, 82] as
well as to Higgs decays into squarks in [92]. We will use this scheme in what follows.
There are also other possibilities of dening the on{shell squark mixing angle. In [78], for
instance, 
~q
was xed such that the renormalized self energy of the squarks remains diagonal
on the ~q
2




















An analogous condition on the ~q
1





















A process independent \democratic" approach is to take the arithetic mean of Eqs. (3.28) and
(3.30), as done in [84]. 
~q



























This is, by the way, the only denition that works for processes with charginos in the loops
(Yukawa correctins etc.).
The dierences between the various schemes are ultraviolet nite. In Fig. 3.3 we compare 
~
t











) ([79])  
~q
([81]). The numerical dierences between the various schemes are very
small, typically well below 1%.
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Figure 3.3: Dierences in  cos 
~
t












= 600 GeV, and m
~g
= 600 GeV.
3.4.2 Renormalization of M
~
Q












b mass matrices have the same value. This is, however, not the






t and in the
~
b
sectors [92, 93]. Therefore, for a combined treatement of stops and sbottoms, an appropriate












































































































































DR = Minimal substraction with DRED.
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The squark couplings to Higgs bosons involve the parameter A
q
. Therefore, also this parameter
has to be renormalized at O(
s









in terms of on{shell squark masses m
~q
i
and mixing angles 
~q
, see






























+  fcot ; tang m
q
(3.40)





The squark masses and couplings also depend on the parameters  and tan . However, the on{
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3.5 Decays into Charginos and Neutralinos






















































































































































where the superscript v denotes vertex corrections, w wave function corrections, and c the shift
from bare to on{shell couplings. The virtual corrections to the decay width, ,
(a)
(a = v; w; c),









































































































































































































. In the following, we give our results for squark decays into charginos.










































, etc.get contributions from gluon exchange, gluino exchange, and the four{squark
interaction. As we will see, in the renormalization scheme used the contribution due to the
four{squark interaction cancels.





























































































Figure 3.4: Feynman diagrams for the O(
s
) SUSY-QCD corrections to squark decays into
charginos and neutralinos: (a) tree level, (b) and (c) vertex corrections, and (d) and (e) real
gluon emission. For wave{function corrections see Figs. 3.1 and 3.2.
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3.5.1 Vertex Corrections
























































































































































), where we follow the conventions
of [86]. As usually, we introduce a gluon mass  for the regularization of the infrared divergence.
The contribution to due to the graph of Fig. 3.4 c with a gluino and a squark ~q
0
n


























































































































































































































































































































































































































































are the quark wave{function renormalization constants due to gluon and gluino exchange






) stem from gluon, gluino,
and squark loops (Fig. 3.2). See Sect. 3.3 for the explizit expressions.
3.5.3 Renormalization of the Bare Couplings
In order to make the shift from the bare to the on{shell couplings it is necessary to renormalize

















































































































according to Eqs. (1.120) { (1.123).
For the renormalization of the squark mixing angle we use the scheme of [37] as explained in
Sect. 3.4.1. With this choice of 
~q





= 0. Moreover, the o{diagonal contribution (i 6= j) of the gluino{quark loop in Fig. 3.2
vanishes in this scheme.
3.5.4 Real Gluon Emission








is UV nite. In order to cancel also the
infrared divergence due to  ! 0 we include the emission of real (hard and soft) gluons, see
















































































































































). The complete O(
s
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3.5.5 Numerical Results
Let us now turn to the numerical analysis. Masses and couplings of charginos and neutralinos


































. The other parameters are taken as explained
in 3.2.3.


























and tan = 3. In order to study the dependence on the nature of the chargino (gaugino{ or
higgsino{like), we have chosen three sets of M and  values: M  jj (M = 163 GeV,  = 500
GeV), M  jj (M = 500 GeV,  = 163 GeV), and M ' jj (M =  = 219 GeV). Near the




; for larger mass dierences this dependence






200 GeV: For a gaugino{like ~
+
1
the correction is up to
 10% while forM ' jj the correction typically amounts to  10% to  15%. The biggest eect
is found for a higgsino{like chargino due to the large top Yukawa coupling; in this case we have
,=,
0
  20% to  25%. The dependence on cos 
~
t
is shown in Fig. 3.6 where we plot the
O(
s





= 250 GeV and the other parameters as above. Again, one can see that the SUSY{QCD




. This is in particular true for the
case jj M for which the correction is up to  40%. However, also for M  jj and M  jj
one can have large corrections, especially if the tree{level width is very small. In our examples,







decay width are mostly negative. However, they
can also enhance the tree{level width, see e.g. Figs. 2 and 3 of Ref. [77].












= 100 GeV. Again, we take tan = 3 and study three dierent scenarios: M  jj
(M = 208 GeV,  = 500 GeV), M  jj (M = 500 GeV,  = 123 GeV), and M ' jj (M =
 = 230 GeV). Figure 3.7 shows the SUSY{QCD corrections relative to the tree{level decay








= 250 GeV and cos 
~
t







varies from 18% to 3% in case of a gaugino{like ~
0
1
. In case of a higgsino{like neutralino
,=,
0
=  26% to  37%, and in the mixed scenario ,=,
0




is shown in Fig. 3.8. Analogously to Fig. 3.6 we here plot the O(
s
) corrected decay




= 500 GeV and
the other parameters as in Fig. 3.7. Again, a striking eect can be seen for jj  M . The
neutralino, chargino, and sbottom masses for the various (M; ) values are listed in Tab. 3.1.
For completeness, we also briey discuss sbottom decays into charginos/neutralinos for the


























decays that are kinematically allowed. As can be seen, also for sbottom
decays the SUSY{QCD corrections can be of either sign and amount to a few ten percent.
Note, that in Tab. 3.2 tan  = 3. For larger values of tan the corrections to the sbottom
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(a) M  jj
(c) M ' jj
(b) jj M







relative to the tree{level width as


























and tan  = 3. Three scenarios are studied: (a) M = 163 GeV,  = 500 GeV, (b) M = 500
GeV,  = 163 GeV, and (c) M =  = 219 GeV.























(a) M  jj
(c) M ' jj
(b) jj M

































, and tan  = 3. Three scenarios are studied: (a) M = 163 GeV,
 = 500 GeV, (b) M = 500 GeV,  = 163 GeV, and (c) M =  = 219 GeV.
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(a) M  jj
(c) M ' jj
(b) jj M







relative to the tree{level width as


























and tan  = 3. Three scenarios are studied: (a) M = 208 GeV,  = 500 GeV, (b) M = 500
GeV,  = 123 GeV, and (c) M =  = 230 GeV.
























(a) M  jj
(c) M ' jj
(b) jj M

































, and tan  = 3. Three scenarios are studied: (a) M = 208 GeV,
 = 500 GeV, (b) M = 500 GeV,  = 123 GeV, and (c) M =  = 230 GeV.

































163 500 78 151 503 518 150 516 384 427
500 163 136 166 262 517 150 516 391 424
219 219 94 161 223 296 150 293 388 425
208 500 100 194 502 520 193 518 385 427
500 123 100 126 259 515 112 515 391 424
230 230 100 171 234 307 161 304 388 425






















, and tan  = 3). All values
in [GeV].
decay widths become even more important since the bottom Yukawa coupling increases.










































































































0.6 0:02 0.04  0:2
Table 3.2: Sbottom decay widths at O(
s























tan  = 3). The values in brackets correspond to branching ratios below 1%.
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3.6 Decays into W and Z Bosons
At tree level the amplitude of a squark decay into a W


































































for simplicity. Moreover, we shall use primes to explicitly

































































































































































































(a = v;w; c): (3.65)
The vertex correction stems from the ve diagrams shown in Figs. 3.9 b{f. The gluon ex-







































































). A gluon mass  is introduced to regularize the infrared


















































































































































































Figure 3.9: Feynman diagrams for the O(
s
) SUSY-QCD corrections to squark decays into
vector bosons: (a) tree level, (b){(f) vertex corrections, (g){(i) real gluon emission. For wave{
function corrections see Figs. 3.1 and 3.2.











































































































































































The squark loop of Fig. 3.9 f does not contribute because it is proportional to the four{











The wave{function correction is given by (i 6= i
0





























































) the squark wave{function renormalization constants (see Sect. 3.3).





















































































, the counterterm (3.71) completely







the contribution of the squark bubble in Fig. 3.1 is cancelled. Thus, in both cases the total
squark loop contribution to the correction is zero, ,
(~q)
 0.
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Let us now turn to the numerical results. As the squark couplings to vector bosons






, and the gluino mass as input parameters.








Z. Figure 3.10 shows the tree{level and the O(
s
) SUSY{









650 GeV, cos 
~
t
=  0:6, and m
~g
= 500 GeV. SUSY{QCD corrections reduce the tree{level




= 85 to 558 GeV. It is interesting to note that




while the correction due to gluino



























Taking a closer look on the gluino mass dependence we nd that the gluino decouples slowly.























= 0:6. As can be seen, for large gluino masses ,=,
0
approaches   3%. The negative
spike at m
~g




! t~g threshold. Notice, that this threshold is less




The dependence on the stop mixing angle is shown in Figs. 3.12 and 3.13. Figure 3.12 shows the
tree{level width together with the O(
s






















= 650 GeV, and m
~g


















(maximal mixing) and vanishes in case of
no mixing (cos 
~
t
= 0; 1). SUSY{QCD corrections reduce the tree{level width by about  5%
to  10%. The relative correction ,=,
0
for the parameters of Fig. 3.12 can be seen explicetly
in Fig. 3.13 (black lines). In addition, we here also show the case m
~g
= 1 TeV (gray lines).
As the gluonic correction has the same 
~
t





=  3%) the 
~
t
dependence in Fig. 3.13 comes only from the correction due to gluino
exchange. For m
~g
= 500 GeV and negative cos 
~
t
the correction is of the order of  10% while
for positive cos 
~
t
it is roughly  5%. For m
~g
= 1 TeV the correction is about  3% to  4%
with much less dependence on the stop mixing angle. Approaching cos 
~
t
= 0 or 1, ,=,
0




6= 0. In this case the decay
width becomes of O(
2
s



























the corrections due to gluino exchange are in general smaller and thus the dependece of ,=,
0
on the sbottom mixing angle is very weak.
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= 650 GeV, cos 
~
t
=  0:6, and m
~g
= 500 GeV.
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= 650 GeV, and m
~g
= 500 GeV.
















































= 650 GeV. The black (gray) lines are for
m
~g
= 500 (1000) GeV.
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We next turn to the squark decays into W
















for small sbottom mixing (small tan


































for large sbottom mixing (large tan
scenario).














































= 520 GeV, cos 
~
b
















varies from 533 GeV to 733 GeV depending on the stop mixing angle. Despite the larger


















































0:1, the SUSY{QCD corrections change the tree{level widths by
about  11% to +4%. For j cos 
~
t
j ! 0 ,=,
0
again diverges because the tree{level coupling





= 1 TeV and the other parameters as in Fig. 3.14. The dependence of ,=,
0
on
the sbottom mixing angle is, in general, much weaker than that on the stop mixing angle (apart








). The overall dependence on the gluino mass is in general


















An example for large tan  is shown in Fig. 3.15. Here we plot the tree{level and the SUSY{



































is calculated from the other

















. In the example chosen, the SUSY{QCD corrections are
 2:4% to  4:7%. For m
~g
= 1TeV (and the other parameters as above), they are about  1% to
 1:5%. Again, there is almost no dependence on cos 
~
b











































































= 200 GeV, m
~g




is a function of the other parameters and
































































is a function of the other parameters and
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3.7 Decays into Higgs Bosons
















































































































are given in Sect. 1.6.4. In the following, we



































































(a = v; w; c): (3.77)













































































). Again, we introduce a gluon
mass  to regularize the infrared divergence.




























































(` = 1; 2),








































































Figure 3.16: Feynman diagrams for the O(
s
) SUSY-QCD corrections to squark decays into
Higgs bosons: (a) tree level, (b){(f) vertex corrections, (g){(i) real gluon emission. For wave{
function corrections see Figs. 3.1 and 3.2.









































































































































































































































































































































for the decay into a charged Higgs boson.





























couplings to quarks, see Eq. (1.100).























































































































are the squark wave{function renormalization constants for ~q

.





in Eq. (3.76). From







































































































































































































with !  + =2

: (3.88)
For the couplings to the A
0















) fcot; tang+  m
q
] ; (3.89)






























































































































and the squark mixing angels 
~q
we use the prescriptions
described in Sect. 3.4.
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tan  = 3,  = 550 GeV, m
A
= 150 GeV, and m
~g
















=  243 GeV, m
h
0




sin =  0:58, and m
H
+






























decays into neutral Higgs bosons
by varying one of the input parameters of the reference point. Figure 3.17 shows the tree{level

























are about  10% for the decay into h
0
and  9%
to  62% for the decay into A
0
























! t~g threshold. The dierent shapes of the decay widths can





= 300 GeV to 900 GeV, we have A
t




= 81 GeV to 114 GeV, and m
H
0
= 163 GeV to 170 GeV).
Figure 3.18 shows the cos 
~
t














) decays. Again the shapes of the decay widths reect their dependence on the
underlying SUSY parameters in a characteristic way. In particular we have A
t
= 1033, 183,
 666 GeV and sin =  0:748,  0:565,  0:726 for cos 
~
t
=  0:7, 0, 0:7, respectively. Apart
from the points where the tree{level decay amplitudes vanish the relative corrections range
from  40% to 20%.





= 100, 200, 300 GeV we have m
h
0
= 85, 104, 105 GeV, m
H
0
= 128, 207, 304













from  15% to  7% for m
A





























) are about  25%.
As for the dependence on the gluino mass, the gluino decouples very slowly, as can be seen in
Fig. 3.20: In the range m
~g
= 300 GeV to 1500 GeV ,=,
0
varies from ( 9%,  37%,  28%) to
































) = 2:68, 2:09, 1:42 GeV with ,=,
0
'
 10%,  7%,  5% for tan = 3; 10, 30, respectively. Likewise, we get , = 0:67, 1:61, 2:45 GeV
with ,=,
0
'  27%,  19%,  17% for the decay into H
0
and , = 2:1, 2:64, 2:92 GeV with
,=,
0
'  22%,  19%,  18% for the decay into A
0
, respectively.











we get , = 3:88 GeV with ,=,
0










we get , = 0:08 GeV with ,=,
0
= +87%. As in our examples the width of
















) we will discuss only the










= 560 GeV because M
~
Q

















b) = 561 GeV.
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= 561 GeV to 570 GeV. Therefore, the thresholds at tree{level and one{loop level are
slightly dierent.
The dependence on the stop mixing angle is shown in Fig. 3.22 for tan  = 3 and 10, and the

















allowed.) In case of tan  = 3, the SUSY{QCD corrections range from about  40% to 26%,
with ,=,
0





  0:6. In case of tan  = 10 ,=,
0






and tan  = 10 we even get a negative corrected decay width. This is mainly due to a large




)   tan  m
b
of Eq. (3.40) and was already


































We have also studied the dependence on m
A













)   20% ( 40%) for m
A
= 100 GeV to 285 GeV and the other parameters
as given above.












) ranges from  26% to  14%
( 47% to  39%) for m
~g
= 300 GeV to 1500 GeV and tan  = 3 (10).






































(their Fig. 6 a). This may be due to a dierent treatment of the radiative
corrections to the h
0











decay for the parameters used in Fig. 6 a of Ref. [81]. In our notation
these parameters are: M
~
U
= 500 GeV, A
t









is obtained by varying M
~
Q
from 200 to 430










= 72 to 80 GeV, and
sin '  0:56. We have checked our results with two independent numerical programs. As a







Eq. (43) of Ref. [81] is only correct
if one takes the transposed couplings.
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Figure 3.17: Tree{level (dashed lines) and O(
s























= 250 GeV, cos 
~
t
= 0:26,  = 550 GeV,
tan  = 3, m
A
= 150 GeV, and m
~g










































Figure 3.18: Tree{level (dashed lines) and O(
s


























= 600GeV,  = 550GeV,
tan  = 3, m
A
= 150 GeV, and m
~g
= 600 GeV. The grey areas are excluded by the constraints




b) > 0:0012 in (a), m
h
0
< 90GeV in (b), and unstable vacuum in (c).
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Figure 3.19: Tree{level (dashed lines) and O(
s





























 = 550 GeV, tan  = 3, and m
~g






































































= 600 GeV, cos 
~
t
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Figure 3.21: Tree{level (dashed line) and O(
s



















= 600 GeV, cos 
~
t
= 0:26,  = 550 GeV, tan  = 3,
m
A
= 150 GeV, and m
~g
= 600 GeV. The insert zooms on the dierent thresholds at tree{ and
one{loop level.




























tan  = 3
tan  = 10
Figure 3.22: Tree{level (dashed lines) and O(
s






















= 600 GeV,  = 550 GeV,
m
A
= 150 GeV, m
~g
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Figure 3.23: Tree{level (full line) and O(
s















for the parameters used in Fig. 6 a of Ref. [81].
In our notation: M
~
U
= 500 GeV, A
t
=  = 300 GeV, tan  = 1:6, and m
A
= 400 GeV. The
dashed line is for m
~g
= 500 GeV and the dotted one for m
~g
= 1000 GeV.
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3.8 Branching Ratios
In this section we present the SUSY{QCD corrected branching ratios of stop and sbottom











, tan, ,M , and m
A
as input parameters.












. Figure 3.24 shows the sbottom









= 600 GeV,  = 500 GeV, tan  = 3, and m
A
= 200 GeV.






















= 600GeV, cos 
~
t
=  0:5, tan = 3, and m
A
=
500 GeV. Moreover, M = 163 GeV,  = 500 GeV in Fig. 3.25 a; M = 500 GeV,  = 163 GeV















 the resulting signature is two acoplanar b{jets plus additional jets and/or charged






















can also have large branching ratios if they are kinematically allowed. Again,
the decay cascades result in multi{jet/lepton signatures plus large missing energy. SUSY{QCD
corrections change the tree{level branching ratios by O(10%) in Figs. 3.25 a,b. However, they
can also have larger eects. This can be seen in Fig. 3.25 c where the corrections go up to
30%.
The dependence on the stop mixing angle is shown in Figs. 3.26 a{c. In order to have several




= 400 GeV and the other parameters as in Fig. 3.25. The








































= 600 GeV,  = 500 GeV, tan = 3, and m
A


























and the gaugino{higsino mixing. In
























































































































0. The decays into neutralinos altogether do not exceed 30%.
In Figs. 3.26 a and 3.26 b SUSY{QCD corrections change the tree{level branching ratios by
O(10%). In Fig. 3.26 c they go up to 40%.




. For the heavier stop mass eigenstate also



















branching ratios for (M; ) = (163; 500) GeV, (500; 163) GeV,
and (219; 219) GeV, respectively.













































mainly decays into t~
0
1;2







are kinematically allowed. The branching ratios show an intricate























































into Higgs bosons are, quite generally, important for large values of  and/or A
t
. The stop{



















) +  cot 





























vanish in case of maximal mixing. In our
analysis, the sbottom masses also vary with cos 
~
t





































We have already noticed several times that the  parameter plays a special ro^le. Figures 3.30












= 600 GeV, M = 200 GeV,
tan  = 3, and m
A
= 200 GeV. In Fig. 3.30, cos 
~
t




into neutralinos dominate. For increasing jj decays into Higgs bosons become important












) on the sign of . For




















) are kinematically not allowed.
Figure 3.30 has to be compared with Figure 3.31 where cos 
~
t


















can still have a large






is possible in this case and has a branching




Z is even more important than in Fig. 3.30.
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= 600 GeV, cos 
~
t
=  0:5, tan  = 3, m
A
= 500 GeV, (a)
M = 163 GeV,  = 500 GeV, (b) M = 500 GeV,  = 163 GeV, and (c) M =  = 219 GeV.
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= 600 GeV, tan  = 3, m
A
= 500 GeV,
(a) M = 163 GeV,  = 500 GeV, (b) M = 500 GeV,  = 163 GeV, and (c) M =  = 219 GeV.









mass splitting and largerm
A
the bosonic decays are of course less important























still have large branching ratios.





decays into bosons and of those into fermions are shown in Table 1 of
Ref. [95]. In principle, the nal states of both types of decays can be identical. For example,






























































































However, the decay structures and kinematics of the two modes (3.93) and (3.94) ((3.95) and


















), respectively. This could result in signicantly dierent event distributions (e.g., missing




decays into gauge or Higgs bosons compared to the
decays into fermions. Hence the possible dominance of the former decay modes could have an




, and on the measurement of the MSSM parameters. The
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= 600GeV,M = 163GeV,  = 500GeV,
tan  = 3, and m
A
= 200 GeV; (a) shows the decays into fermions and (b) the decays into
bosons.
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= 600GeV,M = 500GeV,  = 163GeV,
tan  = 3, and m
A
= 200 GeV; (a) shows the decays into fermions and (b) the decays into
bosons.
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= 600 GeV, M =  = 219 GeV,
tan  = 3, and m
A
= 200 GeV; (a) shows the decays into fermions and (b) the decays into
bosons.
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= 600 GeV, cos 
~
t
= 0:4, M = 200 GeV,
tan  = 3, and m
A



































































decays as a function of  for cos 
~
t
= 0:7 and the other parameters as in Fig. 3.30. The grey




> 95 GeV; in the gray area on the left
the approximate condition for vacuum stability is violated.
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Last but not least we discuss branching ratios of sbottom decays. Figure 3.32 shows








decays as a function








= 600 GeV, M = 230 GeV
6
,  = 500 GeV,
tan  = 3, and m
A
= 200GeV. The corresponding sbottom and Higgs boson masses are shown








= f214; 520gGeV, and
m
~g








, bosonic decays are important where they are










is the dominant decay mode in

















































in most of the cos 
~
t








0:9 it has a branching ratio below 50%. In























= 0:4, M = 200 GeV, tan  = 3, and m
A



























In both Figs. 3.32 and 3.33, SUSY{QCD corrections change the individual branching ratios by
up to 50%.








the signature is two acoplanar b{jets plus large missing energy. In
all other cases one has multiple jets (and leptons) plus missing energy. Again, bosonic and
fermionic decays can lead to the same nal states. However, the various decay modes might
be disentangled by their dierent event distributions due to the dierent decay structures and
kinematics.
6
We choose a somewhat higher value of M such that sbottom decays into gluinos are kinematically not
allowed.
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= 600 GeV, M = 230 GeV,
 = 500 GeV, tan  = 3, and m
A
= 200 GeV.
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M = 200 GeV, tan  = 3, and m
A
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Open Questions
In the recent years, extensive studies have been done for both stop and sbottom production
and decays. However, some questions still remain open:




have not yet been calculated. It




case | SUSY{QCD corrections and photon
radiation are important. Indeed, a rst analysis has shown that photon radiation can
reduce the total production cross section signicantly [97].





Yukawa coupling corrections to the production and decay processes should be studied.
















[96]. In both cases it
has turned out that these corrections are important.
 For SUSY{QCD corrections to squark interactions with Higgs bosons in the on{shell
scheme, the parameter A
q
has to be renormalized. As mentioned in Sect. 3.7, for large




)   tan  m
b
can become extremly large, leading to negative
decay widths at O(
s
). The inclusion of Yukawa corrections may help solve this problem.
Another possible solution might be to take the bottom mass running. However, this is
dicult to accomplish in a consistent way in the on{shell scheme.
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